Abstract: Bisphenol A (BPA) is a synthetic non-steroidal oestrogen used in the production of plastics. BPA can cause alterations in the endocrine system of human beings and animals at varied stages of development. During puberty, altered morphological, sexual behaviour and completion of the epididymal development occur. Therefore, this study aimed to evaluate the effects of BPA on epididymal development during the peripubertal period of rats. Male Wistar rats were treated with BPA via gavage at doses of 20 lg/kg or 200 lg/kg per day [post-natal day (PND] 36-66). The control group received the vehicles under the same conditions. Feed and water were provided ad libitum. On PND 67, the epididymis was removed, weighed, divided into caput/corpus and cauda sections. It was then used for sperm count determination; histopathological and stereological evaluation; inflammatory cell enzymatic profiling (myeloperoxidase activity -MPO; N-acetylglucosaminidase -NAG); immunohistochemistry for IL-6; and evaluation of superoxide anion levels and malondialdehyde (MDA). Exposure to BPA at 200 lg/kg caused a significant increase of MPO activity and immunoreactivity to IL-6 (interleukin-6) as well as remodelling of tissue components in the caput/corpus and cauda regions of the epididymis. Under these experimental conditions, it is concluded that BPA alters post-natal epididymal development.
Bisphenol A (BPA, 4,4-dihydroxy-2,2-diphenylpropane) is a non-steroidal synthetic oestrogen widely used in the production of polycarbonate plastic and as an additive to other plastics. BPA is a component of everyday products including dental sealant components, interior lining of food and drink containers, baby products (bottles, cups, etc.), epoxy resins and medical tubing [1, 2] . Heating and acidic and basic conditions accelerate the ester hydrolysis bonding that connects monomers of BPA, leading to the formation of these products [3] .
The peripubertal period (PND 36-66) is a large window of vulnerability to the action of toxic agents [4] . In this period, the maturation of the hypothalamic-pituitary-testicular axis occurs, and, consequently, the beginning of the reproductive cycle [5] . Therefore, exposure to one or more endocrine disruptors during this period can lead to temporary or permanent damage to the male reproductive system. Evidence shows that BPA has a prominent role in reducing the quality and quantity of human semen and exerts many effects on the male reproductive tract [6] . BPA has been considered a potent endocrine disruptor [7] , which binds to estrogen receptor -ER <alpha>, ER <beta> and androgen receptors [8] . The same author demonstrated that pre-pubertal expression of ER <alpha> is maintained past 21 days and into adulthood, being responsible for mediated effects in the epididymis that are important for pre-pubertal function, pubertal development and mature function. Thus, the rat epididymis is regulated by oestrogens and possibly mediated by the interactions between ER <al-pha> and ER <beta> [9] . In a previous study, BPA administration (20 lg/kg for 45 days) decreased the epididymal weight and increased the oxidative stress in the epididymis of male rats [10] . In addition, BPA caused a decrease in sperm count and motility in the epididymis at a low dose (10 slg/ kg) in rats from PND 56 for six consecutive days [11] .
The World Health Organization has estimated that reproductive tract infections are responsible for about 3% of the global burden of ill health among men [12] . In developed societies, it is estimated that 5%-10% of cases of male infertility with known aetiology have suspected inflammatory or autoimmune involvement, which encompasses sperm antibody formation, orchitis, epididymitis and epididymo-orchitis, and at least a few cases of 'idiopathic' infertility [13, 14] . In this context, the nature of these interactions that exist between the immune system and the male reproductive system remains poorly understood [15] . It is known that BPA (2.5 and 3.0 lg/kg per day) can modulate immune functions such as cytokine and antibody production [16, 17] . BPA at a subcutaneous dose of 5 mg/kg per day for 5 days in adult rats caused significant decreases in the innate host response and IL-6 production in the spleen [18] . Thus, while some studies have shown the association of the immune system after BPA exposure, so far no study has explored the effect, mainly on post-natal epididymal developmental, of the interaction between the immune system and the male reproductive system after BPA exposure. Therefore, the aim of the present study was to evaluate the effects of BPA during the development of the epididymis in the peripubertal period of rats.
Materials and Methods
Animals. Male Wistar rats (30 days old) were provided by the Central Animal House, Londrina State University (CCB-UEL), Paran a, Brazil. The animals were acclimated to their new environment for 5 days before the beginning of the experimental period. During the experiment, the animals were allocated to polypropylene cages (43 cm 9 30 cm 9 15 cm) under light and dark (12- [20] .
For experimental purposes, the animals were randomized using tables with random numbers, as well as tissue samples for experimental analyses. The treatment was done by one single person, and all the assays were blind.
Preparation of bisphenol A solution. Bisphenol A (BPA, 4,4 0 -dihydroxy-2,2-diphenylpropyl; CAS no. 80-05-7) was obtained from Sigma-Aldrich Co. â , and dissolved in 1% DMSO (Dimethyl sulfoxide)/99% corn oil vehicle and stored away from light.
Epididymis collection. At the end of treatment, rats were anaesthetized with a combination of ketamine (Quetamina â , Louveira, Brazil) and xylazine (Anasedan â , Paul ınia, Brazil), weighed and killed by cardiac puncture. The epididymis was removed, and the weight was determined (absolute and relative to body-weight). Right epididymis was used for determining sperm counts (n = 7/group) and inflammatory profiles (n = 5 per group). Left epididymis was used in oxidative stress evaluation (superoxide anion and MDA levels; n = 5 per group), and histopathological, immunohistochemical and stereological analyses (n = 5/group).
Sperm count and transit time in epididymis. Spermatozoa from the epididymis were counted according to the method described by Robb et al. [21] , with adaptations as described by Fernandes et al. [22] . The epididymis was weighed and stored at À20°C until the sperm count assay. For the analysis, the organs were homogenized in 5 mL of NaCl 0.9% containing Triton 9 100 0.5% (Sigma-Aldrich Co. â ) and sonication for 30 sec. After 10-fold dilution, the sample was transferred to Neubauer chambers, and late spermatozoa were counted (four fields per animal). To calculate sperm transit time through the epididymis, the number of sperm in each portion was divided by the DSP -daily sperm production [22] .
Histopathological and stereological analyses. The epididymis was removed, fixed in methacarn (60% methanol, 30% chloroform, 10% acetic acid) and embedded in Paraplast â and 5-lm sections were sliced. These sections were then stained with haematoxylin and eosin (HE), and general histopathological examination was performed as described by Favareto et al. [23] .
Histopathological inspection was performed qualitatively in the caput-corpus and cauda of each animal. The tissue was evaluated using a Motic microscope (Motic â , Richmond, Canada) (1009 and 4009 magnification).
For stereological analysis of the epididymis, 10 random epididymal cross sections per animal were captured and analysed. This analysis was performed by means of Weibel's multi-purpose graticulate with 120 points and 60 test lines to compare the relative proportions among the epididymal compartments (epithelial, stroma and lumen) in the experimental groups.
Myeloperoxidase activity. Neutrophil recruitment to the epididymis was evaluated by myeloperoxidase (MPO) kinetic-colorimetric assay [24, 25] . Firstly, the epididymis was separated at the caput/corpus and cauda and homogenized using a Tissue Tearor (BioSpec, Bartlesville, Oklahoma, USA) in ice-cold K 2 HPO 4 buffer (400 lL, 50 mM, pH 6.0) containing HTAB (0.5% weight/volume), and the homogenates were centrifuged (16,100 9 g, 2 min., 4°C). The supernatants (30 lL) were mixed with K 2 HPO 4 buffer (200 lL, 50 mM, pH 6.0) containing o-dianisidine dihydrochloride (0.0167%, weight/volume) and hydrogen peroxide (0.05%, volume/volume) and were placed in a 96-well plate. The absorbance was determined after 5 min. at 450 nm (Multiskan GO Microplate Spectrophotometer, Thermo Scientific, Vantaa, Finland). The results for MPO activity are expressed as the number of neutrophils per mg of tissue using a standard curve of neutrophils (196-400,000 cells).
N-acetyl-b-D-glucosaminidase activity. N-acetyl-b-D-glucosaminidase (NAG) activity at the epididymis was determined as previously described by Hohmann et al. [26] . Briefly, the supernatants (20 lL) obtained for the MPO activity assay were placed in a 96-well plate and mixed with K 2 HPO 4 buffer (80 lL, 50 mM, pH 6.0). The reaction was initiated by the addition of K 2 HPO 4 buffer (100 lL, 50 mM, pH 6.0) containing 4-nitrophenyl N-acetyl-b-D-glucosaminidase substrate (2.24 mM). The plate was incubated at 37°C for 10 min., and the glycine buffer (100 lL, 0.2 M pH 10.6) was added. The enzymatic activity was determined spectrophotometrically at 400 nm (Multiskan GO Microplate Spectrophotometer, Thermo Scientific, Vantaa, Finland). The results of the NAG activity are expressed as the number of macrophages per mg of tissue using a standard curve of macrophages (196-400,000 cells).
Quantification of superoxide anion. Superoxide anion production was evaluated in tissue homogenates, as previously described by Hohmann et al. [26] . Briefly, the homogenates (50 lL) were mixed with NBT solution (100 lL, 0.1% in ddH2O, weight/volume) and incubated in 96-well plates at 37°C for 1 hr. The aqueous mixture was removed carefully from the wells, and the formazan precipitate was solubilized by adding KOH (120 lL, 2 M) and DMSO (140 lL) solutions in each well. The absorbance was measured at 600 nm (Multiskan GO Microplate Spectrophotometer, Thermo Scientific, Vantaa, Finland). The weight of each sample was used for data normalization, and the results are expressed as NBT reduction (OD at 600 nm).
Lipid peroxidation measurement by malondialdehyde (MDA) formation. One millilitre of reaction medium containing 1% TBA was added to the samples to form MDA-(TBA) 2 complexes, and the proteins were precipitated with 1 mL of 28% trichloroacetic acid.
Samples were mixed by vortexing, incubated for 15 min. in a boiling water bath, and then transferred to an ice bath. The organic phase was extracted with 2 mL of butanol and centrifuged at 850 9 g for 20 min. The supernatants were placed in a 96-well plate and evaluated using a spectrophotometer at 535 and 572 nm, and results were calculated based on the difference in absorption at these wavelengths and expressed as MDA (lmol/mg of protein) [27] .
IL-6 immunochemistry detection in the epididymis. Silanized slides containing 5-micron sections (two slides per animal, five animals per group) were subjected to deparaffinization, and the sections were rehydrated in a series of alcohols. For antigen retrieval, the sections were then incubated in citrate buffer 0.01 M at pH 6.0 in a microwave for 30 min. Afterwards, the sections were incubated in 3% H 2 O 2 to block endogenous peroxidase. Non-specific binding was blocked by incubating the sections in a blocking solution at room temperature. Primary polyclonal Abcam AB6672 antibody against IL-6 was diluted in 1% BSA (1:200) and applied to the sections overnight at 4°C. Bound antibodies were detected with Novolink Polymer Detection Systems (Leica Microsystems, Wetzlar, Germany). Secondary labelled polymers (rabbit-on-rodent HRP polymer, Biocare Medical -Pacheco, California, USA) were applied for 30 min. at room temperature. Peroxidase activity was detected using a diaminobenzidine chromogen mixture (Novolink Polymer Detection Systems). Sections were lightly counterstained with Harris' haematoxylin and photographed with a Motic photomicroscope (Motic â , Richmond, Canada) (1009 magnification) and BELview software (version 6.2.3.0 for Windows -BEL Engineering, Monza, Italy). For IL-6 immunohistochemistry analysis, the epididymal epithelium cells were counted from the epididymis in 10 random epididymal cross sections per animal. These cells were classified as labelled or unlabelled.
Statistical analysis. All parameters were submitted to the ShapiroWilk test for normality and thus classified into parametric and nonparametric data. Parametric results were statistically analysed by one-way ANOVA followed by a post hoc Tukey test. Nonparametric results were statistically analysed by the Kruskal-Wallis test with Dunn's post hoc method. Differences were considered significant when p < 0.05. The statistical analyses were performed with GraphPad Prism (version 4.0 -GraphPad Software, La Jolla, California, USA) and Instat (version 3.01 -GraphPad Software, La Jolla, California, USA) programs.
Results
Weight of epididymis, sperm number and sperm transit time in the epididymis. Table 1 shows the sperm count, sperm concentration and sperm transit of the caput/corpus and cauda epididymal portions. BPA did not alter the sperm count, sperm concentration and sperm transit.
Histopathological and stereological analyses of the epididymis. A qualitative analysis of the epididymal histopathology ( fig. 1) showed an increase in the inflammatory infiltrate of stroma and epididymal lumen in the BPA 200 group compared to that of the control and BPA 20 groups. Furthermore, round cells, immune system cells and multi-nucleated cells were observed in the epididymal lumen, in addition to sperm, in the BPA 20 and BPA 200 groups, predominantly in the caput/corpus region; in the control group, these cells were not observed. The epithelial tissue appeared to be normal in all groups.
Stereological analysis (table 2) showed that BPA at both doses caused a significant increase in the epithelial compartment, while the higher dose caused a significant decrease in stromal compartment from the 2A caput/corpus region compared to control group. Moreover, in the 5A/B cauda region, BPA 200 caused a significant increase of the epithelial compartment, but the lumen was significantly decreased compared to the control.
Inflammatory profile: MPO and NAG activity. The MPO activity in the caput/corpus and cauda regions of the epididymis revealed a significant increase in the BPA 200 group compared to control and BPA 20 groups ( fig. 2A,B) . On the other hand, BPA did not alter NAG activity in the epididymal caput/corpus and cauda compared to that in the control group ( fig. 2C,D) .
Quantification of superoxide anion and lipid peroxidation by MDA. The superoxide anion levels were similar between the groups ( fig. 3A,B) . Regarding the MDA levels, no significant differences were observed between the two doses of BPA ( fig. 3C,  D) in the epididymal caput/corpus or cauda regions compared to the control group.
Immunohistochemical detection of IL-6.
The immunoreactivity to IL-6 was observed in all epididymal epithelium cells (caput/corpus and cauda). The number of fig. 4A,B) . However, no immunoreactivity was detected against IL-6 in the epididymal stromal cells.
Discussion
Environmental contaminants such as BPA [28] can be harmful to the human reproductive system [29] . In the present study, the animals received BPA at doses below of NOAEL in order to evaluate if low doses of BPA induce inflammation and tissue changes in epididymis during peripubertal period. In this sense, the adopted model is essential to provide useful references to which is the key period of intricate series of the body's maturation to acquire reproductive competence as well as a potentially susceptible window to environmental exposures [30] , even in low doses of toxicants [30, 31] . The present data demonstrate that BPA alters post-natal epididymal development because of the inflammatory response resulting from an increase in IL-6 and, consequently, neutrophil recruitment. In addition, tissue remodelling caused by BPA can lead to epididymitis and alter the sperm maturation process. The differentiation of specific regions of the epididymis occurs during the post-natal development of the organ, between PND 15 and 44, under the influence of androgens [32] and ERa and ERb [9] . Therefore, BPA can act by mimicking, amplifying or inhibiting oestrogen activity and may also act as an antagonist of androgens [28] . Thus, any oscillation or even androgenic and oestrogenic interference during this period can prejudice epididymal development and reduce fertility.
The maintenance of epididymal weight, sperm count and transit in the epididymis (caput/corpus and cauda) corroborates with each other. In contrast, Chitra et al. [10] observed a decrease in the epididymal weight of pubescent rats (PND45) exposed to BPA 20 lg/kg for 45 days. Similarly, Wisniewski et al. [33] observed slow sperm transit throughout the epididymis of rats that were exposed to high doses of BPA (5 and 25 mg/kg) from PND 50 to 90 and killed at PND 105.
The differences in the experimental design of these studies may be responsible for these contrasting results.
Although the weight of the epididymis was not altered, stereological analysis showed that both the doses of BPA impaired epididymal development, since it caused remodelling of epididymal compartments, mainly of the epithelial proportion. It can be suggested that BPA binds to the ER [8] and antagonizes the effects of androgens as described for the prostate [34] . ER <alpha> and ER <beta> are expressed from PND21 to adulthood, aiding in epididymal development [9] .
The rounded cells in the lumen of the epididymal duct of animals exposed to BPA could be cells that have broken off from the epididymal epithelium or immature germ cells originating from the testicle. Although the origin of these cells is not known, unpublished data from our laboratory showed the presence of rounded cells in the lumen of the seminiferous tubules of rats (PND 67) exposed to BPA. This explanation is also suggested for the origin of multi-nucleate cells; however, they may have originated from impaired cell divisions. The immune system cells present in the lumen of the epididymal duct originated from the stroma, whereas inflammatory cell infiltrates were detected only at the highest dose of BPA. According to Naito et al. [33] , many inflammatory cells emigrated to the lumen of the epididymis in neonatal mice (3 weeks) exposed to 17-b-oestradiol cypionate subcutaneously for 8 weeks. Another interpretation of this data is that the moderate leucocytic infiltration associated with improved sperm quality is part of a quality control mechanism working at the epididymal level [35] [36] [37] . As phagocytes are never found moving through the epididymal lumen [38] , any macrophages or neutrophils directly involved in the selective removal of defective spermatozoa must be operating in the more distal segments of the male tract. Thus, the moderate leucocytic infiltration observed by Barraud-Lange et al. [35, 36] in fertile males may reflect the presence of an extremely efficient quality control mechanism, which removes the small numbers of defective cells from the lower reproductive tract of such subjects. This indicates the presence of an organism protector mechanism against the BPA effects.
Although there are no previous studies evaluating the inflammatory profiles of the epididymis after exposure to BPA, Brandt et al. [39] examined the multi-focal inflammatory infiltrate in the ventral prostate of rats exposed to 25 and 250 lg/ kg of BPA from gestational day (GD) 10 to GD21. In this context, we found that the higher dose of BPA caused significant neutrophil recruitment, as evidenced by higher MPO activity, indicating the presence of an acute inflammatory response. Inflammatory cells such as macrophages and lymphocytes are frequently observed within both the epithelium and the interstitial tissue of the epididymis and are commonly identified as halo cells in epithelial sections [40, 41] . In addition to these cells, neutrophils are also seen in the epididymal interstitial tissue [42] . Therefore, these inflammatory changes indicate an imbalance in the dynamic equilibrium of immune tolerance and toxicant-mediated "activation" of inflammation in the epididymis [42] , which detracted from the epididymal development. Resident macrophages upon stimulation produce cytokines, such as IL-6 and IL-8, which assist in neutrophil recruitment [43] by playing an important role in the regulation of responses to antigens in the microenvironment. In the present study, no change in the activity of macrophages was observed by the NAG activity assay. Thus, considering the absence of altered NAG activity, it is likely that the enhanced MPO activity in the BPA 200 group was related to neutrophil recruitment and activation. Naito et al. [44] observed inflammatory neutrophils and macrophages in the epididymis in neonatal mice exposed to b-estradiol 17-cypionate (0.02 mL), which indicated a chronic inflammation. Therefore, the results of this study suggest that the BPA exposure for 33 days caused a neutrophil recruitment and that this was not a long enough period to cause chronic inflammation such macrophage recruitment. Supplementing the analysis of inflammatory profiles, immunohistochemistry for IL-6 showed an increase in the BPA 20 and BPA 200 groups, which corroborates with the data from the inflammatory infiltrate and MPO activity. IL-6 is an acute-phase pro-inflammatory cytokine, which participates in neutrophil chemotaxis directly and may induce the production of additional mediators with neutrophil chemoattractant activity in the BPA-induced inflammatory process [45, 46] . The epithelium of the epididymis is not regenerative, and infections within this organ and their inflammatory sequelae frequently result in permanent damage, leading to a loss of fertility [15] .
Environmental toxicants such as BPA can induce the generation of oxygen-free radicals, and this can lead to significant tissue damage [47] . Chitra et al. [10] showed that BPA (20 lg/kg for 45 days) orally induces an increase in MDA levels and a decrease in antioxidant defences in the epididymis of male rats at PND45. However, in the present study, BPA did not induce significant alterations in MDA levels. A possible explanation for this divergence and lack of oxidative stress markers (MDA and superoxide anion) in the BPA groups, despite the presence of inflammation markers (MPO activity and IL-6 staining), is that the oxidative stress occurred before the time-point at which samples were collected. Upon oxidative stress, there is induction of endogenous antioxidants tending to achieve oxidative balance [48, 49] , which can be detected depending on the evaluated time-point. The timepoint of sample collection was selected to detect the tissue alterations that we previously observed. The intensity of the stimulus is also an important factor influencing the temporal profile of oxidative stress and inflammation. In fact, BPA 20 induced significant superoxide anion production at PND66, which was not observed in the BPA 200 group. Although the molecular mechanisms of ROS (reactive oxygen species) production by BPA remain unclear, Hiromasa et al. [48] showed that BPA induces ROS production, uncoupling oxidative phosphorylation and consequently inhibiting the activity of complex I in mitochondria membranes. Recently, El-Beshbishy et al. [50] showed that BPA (10 mg/kg) orally administered for 14 days in male rats (150 g) caused a decline in the activities of mitochondrial enzymes in the testis, which is likely a contributing mechanism of BPA-induced ROS.
Conclusion
Our data confirm that the peripubertal period is extremely critical, since exposure to BPA during this period alters post-natal epididymal development in rats via increased inflammation profiles and remodelling of epididymal tissue. The interaction between the immune system and the male reproductive system after BPA exposure is presented in this study such as new findings about the BPA action on epididymis.
